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ABSTRACT 
The previous studies on the  correlation between tumor incidence and changes in micro- 
somal and mitochondrial swelling during feeding of 3'-methyl-4-dimcthylaminoazobenzene 
to  rats  have  been extended to  other  hepatic  carcinogens. Administration of 4'-fluoro-4- 
dimethylaminoazobenzene,  4'-ethyl-2-methyl-4-dimethylaminoazobenzene,  2-acetylam- 
inofluorene, ethionine, and  tannic acid were  found to  produce drastic alterations of the 
swelling of rat liver mitochondria. In contrast to these compounds, feeding of the non-car- 
cinogenic azobenzene and 4-diethylaminoazobenzene produced only small changes in swell- 
ing. Significant  modification in the over-all pattern of the swelling curve was observed when 
the  usual  concentration of  3'-methyl-4-dimethylaminoazobenzene  was reduced,  but not 
when the riboflavin  level in the diet was increased tenfold. Feeding of high levels of this dye 
to the guinea pig did not affect mitochondrial swelling which is consistent with the resistance 
of this species  to azo-dye carcinogenesis. Hypophysectomy provides protection against the 
alterations,  produced  by  feeding  3t-methyl-4-dimethylaminoazobenzene,  in  the  charac- 
teristics  of  thyroxine- or  mercuric chloride-induced mitochondrial swelling.  Studies with 
citric cycle  substrates on mitochondrial swelling suggest  block of the glutamate ~  a-keto- 
glutarate pathway after feeding 3'-methyl-4-dimethylaminoazobenzene  for  4 weeks. There 
is a considerable, but reversible, reduction of certain types of mitochondrial swelling in two 
situations associated  with rapid liver growth: after partial hepatectomy and after intraperi- 
toneal injection of 20-methylcholanthrene. Naphthacene,  however,  which also  stimulates 
rapid  liver growth, does not affect mitochondrial swelling. 
INTRODUCTION 
The  demonstration  that  feeding  of  the  hepatic 
carcinogen  3~-Me-DAB  to  rats  results  in  the 
alteration in the liver of the macromolecular fine 
structure of cell particles was  made first with the 
microsomes  (1)  and later with the  mitochondria 
(2).  Observations  of  similar  significance  were 
23 made  by  Porter  and  Bruni  (3)  on  the  intact 
endoplasmic reticulum,  and  by Emmelot and Bos 
(4)  and  Clerici and  Cudkowicz  (5)  on  the  mito- 
chrondria,  after  feeding  the  parent  compound, 
4-dimethylaminoazobenzene.  The  fine  structural 
alterations  which  occur during  feeding of 3P-Me  - 
DAB have been studied by measuring the swelling 
of the  microsomes  (1)  and  the  mitochondria  (2) 
by determining the decrease of the optical density 
of suspensions  or  the water  uptake  of particulate 
sediment.  It was found  that during feeding of the 
carcinogen,  the  swelling ability  of both  the  liver 
microsomes  and  the  mitoehondria  decreased  and 
reached  a  minimum  level  at  about  4  weeks, 
under  the  experimental  conditions  used.  This 
was then followed by a  phase of recovery of swell- 
ing  with  both  types  of  particles,  although  the 
feeding  of the  dye  was  maintained.  Low  values 
for swelling, comparable  to those found with liver 
particles  at  4  weeks,  were  observed  with  both 
the  microsomes  and  mitochondria  from  hepa- 
toma  induced  by  3'-Me-DAB  (1,  2). 1 No  appre- 
ciable  change  in  the  swelling  of  both  particles 
was  observed,  however,  when  the  non-carcino- 
genic  isomer,  2-Me-DAB,  was  fed. 
The  involvement  of  these  phenomena  in  the 
carcinogenic  process  was  shown  (2)  by  feeding 
of 3'-Me-DAB to groups of rats for various inter- 
vals  of  time.  When  the  percentage  tumor  inci- 
dence  in  these  groups  is  plotted  against  the  time 
of feeding,  the  curve  shows  a  sudden  steep  rise 
at  about  4  weeks.  Thus,  the  minimum  period  of 
feeding  for  tumor  induction  correlates  with  the 
time of minimum  microsomal  and  mitochondrial 
swelling (1, 2). 
In  order  to  test  the  more  general  validity  of 
this  correlation,  the  investigations  on  the  mito- 
chondria have been extended to other carcinogenic 
and  non-carcinogenic  compounds.  The  results 
now obtained  with  the hepatic  carcinogens  4'-F- 
DAB,  4t-Et-2-Me-DAB,  2-AAF,  ethionine  and 
tannic  acid,  and  with  the  inactive  azobenzene 
and  4-diethylaminoazobenzene,  are  consistent 
with  the  previous  findings.  These  carcinogens, 
however,  unlike  3t-Me-DAB, do not affect to  the 
I The  following  abbreviations  have  been  used:  3 r- 
Me-DAB and 2-Me-DAB, respectively, for 3'-methyl- 
and  2-methyl-4-dimethylaminoazobenzene,  4~-F- 
DAB  for  4 r-fluoro-4-dimethylaminoazobenzene, 
4'-Et-2-Me-DAB  for  4'-ethyl-2-methyl-4-dimethyl- 
aminoazobenzene,  2-AAF for  2-acetylaminofluorene 
and  menadione  for  2-methyl-1,4-naphthoquinone. 
same  extent  all  types  of  mitochondrial  swelling 
assayed  in  these studies.  Other evidence connect- 
ing these  phenomena  with  the carcinogenic proc- 
ess is now provided by the inability of 3'-Me-DAB 
to affect liver mitochondrial swelling in the guinea 
pig,  a  species resistant  to  azo-dye  carcinogenesis. 
In the second part of the present investigations, 
the  influence  of feeding of 31-Me-DAB  on  mito- 
chondrial  swelling  was  studied  under  variable 
dietary  conditions,  in  the  presence  of  in  vitro 
added  citric  cycle  substrates,  and  after  hypoph- 
ysectomy. 
The  last  phase  of these  investigations was  con- 
cerned  with  the  problem  of  whether  the  mito- 
chondria  of  rapidly  growing  tissues  other  than 
hepatoma  also  show  low  values  for  swelling. 
It was  found  that  both  partial  hepatectomy  and 
intraperitoneal  injection  of  20-methylcholan- 
threne  cause  a  considerable,  but  reversible,  de- 
crease  of  mitochondrial  swelling.  The  possible 
implications  of these  results  as  they  bear  on  the 
mechanism of carcinogenesis in its relation  to  the 
regulation  of cell  metabolism  are  discussed. 
MATERIALS  AND  METHODS 
Care and Feeding of Animals 
Sprague-Dawley  males  (Holtzman  Company, 
Madison, Wisconsin) were used for all experiments in- 
volving rats,  except  for  the  swelling  assays  in  hy- 
pophysectomized animals and the respective controls. 
The weight range of the Sprague-Dawley rats was  180 
to 230 gm. at the beginning of feeding of special diets, 
except  for  the  experiments  on  partial  hepatectomy 
and  on  20-methylcholanthrene  and  naphthacene 
where the rats used weighed 300 to 400 gin. The hy- 
pophysectomized rats and the respective non-operated 
controls were albino Charles River CD males (Charles 
River Breeding  Laboratories,  Brookline,  Massachu- 
setts),  weighing  150  to 200  gin.  at the beginning of 
the  experiment.  The  hypophysectomized  rats  were 
received  from  the  breeding  company  5  days  after 
surgery and were in excellent health. The guinea pigs 
were  males,  random  bred,  of the  "utility"  smooth- 
haired  variety  (National  Laboratory  Animal  Com- 
pany,  Creve Coeur,  Missouri),  and  weighed 380  to 
440 gin. at the beginning of the experiment. The rats 
were housed two, and the guinea pigs one, in a cage. 
The rats were fed a semi-synthetic diet, called here- 
after basal  diet,  similar  to  the one  (6)  (diet No.  2) 
previously used  (1,  2).  In the present diet, however, 
the  previous  salt  mixture  (7)  was  replaced  by  the 
commercially  available  "Salt  Mixture  W"  (Nutri- 
tional  Biochemical  Corporation,  Cleveland,  Ohio). 
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mg./kg,  of menadione  and  also  with  14  mg./kg,  of 
zinc  sulfate heptahydrate  since the  Salt  Mixture  W 
does not contain zinc, which is essential to the devel- 
opment  of the rat  (8).  The  basal  diet  contained,  as 
previously (1, 2, 6), 2 mg./kg, of riboflavin, except in 
one experiment where a  tenfold level of this vitamin 
was  used.  The  azo  compounds  3r-Me-DAB,  4r-F - 
DAB,  4'-Et-2-Me-DAB,  azobenzene  and  4-diethyl- 
aminoazobenzene  (all at the level of 2.40 mM./kg.), 
and  ethionine  (19  mM./kg.),  were  incorporated  in 
the  basal  diet  when  the  effect  of these  agents  was 
studied.  The  control  rats  for  all  these  experiments 
were  fed basal  diet  for  at least 2  weeks.  2-AAF was 
fed  at  a  level  of  1.62  mM./kg,  in  a  supplemented 
ground  chow  diet,  patterned  after  the  grain  diet  of 
Jacobi and Baumann (9). This ground chow diet had 
the  following  composition  per  kg. :  945  gm.  ground 
Purina  Laboratory  Chow,  30  gm.  dry  skim  milk,  5 
gm.  iodized  table  salt,  5  gm.  tricalcium  phosphate, 
5 gm. cod liver oil, and  10 gm. dextrose in which the 
2-AAF  was  incorporated.  The  rats  used  as  controls 
in  the  experiments  with  2-AAF,  the  rats  that  had 
undergone  partial  hepatectomy  or  received  tannic 
acid,  20-methylcholanthrene  or  naphthacene,  and 
their respective controls, were fed Purina Laboratory 
Chow. 
The guinea pigs were  fed a  supplemented ground 
chow diet,  similar to  the one used in the 2-AAF ex- 
periments, having the following composition per kg. : 
880  gm.  ground  Purina  Laboratory  Chow,  60  gm. 
dry skim milk,  10 gin.  iodized  table salt,  10 gin.  tri- 
calcium phosphate,  10 gm. cod liver oil,  and 30 gin. 
corn oil which served to incorporate the 3 r-Me-DAB 
at  the level  of 0.12  per  cent  (4.80  mM./kg.).  The 
guinea pigs used as controls were fed Purina Labora- 
tory  Chow.  The  diet  of all  guinea pigs was  supple- 
mented with ascorbic acid which was dissolved in the 
drinking water at the level of 1 gm./liter. 
To all animals food and water were fed ad libitum. 
Tannic acid was administered to rats by subcuta- 
neous injection  in  the scapular region  twice  weekly, 
as a 4 per cent aqueous solution brought to pH 7 with 
1 N potassium hydroxide,  at the level of 150 mg. per 
1000  gm.  body  weight.  20-Methylcholanthrene  and 
naphthacene were injected intraperitoneally into rats 
at the level of 20 rag. in 2 ml. of corn oil per 400 gm. 
body weight. 
The partial  hepatectomies,  in which two-thirds  of 
the livers were removed, were performed under light 
ether anesthesia by using a  technique similar  to  the 
one described by Higgins and Anderson (10). 
Preparation  of the  Mitochondrial  Fraction  and the 
Swelling  Tests 
The mitochondrial fractions were isolated in 0.44 M 
sucrose in the presence of ethylenediaminetetraacetie 
acid,  following  an  adaptation,  described  in the  pre- 
vious report  (2)  of this series, of the method of Sieke- 
vitz and Watson  (11).  Unlike in the experiments de- 
scribed  in  that  previous  report  (2),  however,  in  the 
present experiments non-perfused livers were used. 
Mitochondrial  swelling  was  measured  by  deter- 
mining the decrease of the optical density at 520 m/z 
of mitochondrial  suspensions, according  to  the  pro- 
cedure described in the previous report  (2)  and using 
routinely  the  five  assay systems: thyroxine,  calcium 
chloride, or mercuric chloride in 0.30 M sucrose, 0.30 
M sucrose alone,  0.17  M sucrose alone.  As previously 
(2),  all studies were made with test systems having an 
initial  optical  density between 0.290  and 0.310.  The 
aliquot  of  a  given  mitochondrial  stock  suspension, 
which was to be added to the various test systems to 
obtain optical  densities within this range,  was tested 
at the beginning of the experiment with the "0.30  M 
sucrose  alone"  test  system,  in  which  mitochondrial 
swelling is rather  slow,  under our experimental con- 
ditions.  Similar volumes were  then used in the other 
test systems in the same experiment. The first readings 
were taken  10 seconds after addition, and consecutive 
readings at  5  or  10 minute intervals for  40 minutes. 
The  swelling  curves  were  determined  in  triplicate, 
using  mitochondrial  fractions  from  individual  rats, 
and  the  mitochondrial  fraction  from  each  rat  was 
assayed with each test system in duplicate.  The data 
given under Results and Discussion are based on the 
final state  (per cent swelling) at 40 minutes and rep- 
resent the mean values of the 6 determinations. Under 
the experimental conditions used, the mitochondrial 
swelling  values in  normal  rats  varied  within  about 
4- 6  per cent, while in all guinea pigs and in rats ad- 
ministered carcinogens and other azo compounds they 
varied within about  4-  l0  per cent.  In the mercuric 
chloride test system, a  narrower  distribution was ob- 
tained.  Since  the  comparison  of  the  individual 
swelling curves (showing the rate of swelling) does not 
give different  or  additional  information in this case, 
only  the  values representing  the state  of swelling  at 
40 minutes have been presented for the sake of clarity. 
In accordance with the general procedure  used to 
study  the  effect  of  compounds  on  mitochondrial 
swelling  (2),  0.20  ml.  aliquots  of concentrated  stock 
solutions of the citric cycle substrates in 0.30 M sucrose 
buffer (pH  7.4)  were added to the test systems. 
RESULTS  AND  DISCUSSION 
Changes  in  Mitochondrial  Swelling  During 
Administration  of  Hepatic  Carcinogens  Other 
Than  3~-Me-DAB 
Figs.  1  a  and  b  show  that  both  ethionine  and 
tannic acid  produce  considerable alteration  of the 
swelling of rat liver  mitochondria  when  thyroxine 
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in  0.30  M  sucrose,  or  0.17  M  sucrose  alone,  is 
used  as  an  inducer.  During  tannic acid  adminis- 
tration,  the  curve  shows  a  maximum  at  7  weeks 
when  thyroxine  is  used  as  an  inducer,  and  at 
11  weeks  when  swelling  was  induced  by  0.17 
M  sucrose.  Feeding  of  ethionine  gave  a  more 
complex curve,  with a  first maximum  at 4  weeks 
with  both  thyroxine  and  0.17  M  sucrose.  The 
curves  obtained  with  0.06  per  cent  3'-Me-DAB 
had  their  first  peak  at  2-3  weeks  ((2)  and  Fig. 
4).  It is of importance for later discussion  in  this 
report  to  note  that  the  administration  of  tannic 
acid  produced  curves  similar  to  those  shown  in 
Fig.  1  b  when  the  swelling was  induced  by  1  X 
10  -~  ~  HgCI~  or  5  X  10  -3  ~  CaC12  in  0.30  M 
sucrose,  or  by  0.17  M sucrose  alone;  in  contrast, 
feeding  of  ethionine  caused  much  less variation 
of  swelling,  relative  to  normal  rat  liver  mito- 
chondria, in these test systems.  The mitochondria 
from hepatoma  induced  with  ethionine gave  low 
values  for  swelling  similar  to  the  ones  obtained 
with 3'-Me-DAB  (2). 
Fig.  2  shows  the  effect  of the  feeding  of  three 
other  hepatic  carcinogens,  4'-F-DAB,  4'-Et-2- 
Me-DAB  and  2-AAF,  on  mitochondrial  swelling 
in  0.30  M sucrose  alone.  In  the  four  test systems 
other than 0.30 M sucrose alone,  much less variation 
of  the  swelling  was  observed  relative  to  normal 
rat  liver mitochondria.  For  example,  these  three 
compounds,  unlike  3'-Me-DAB  (2),  affected  only 
very  slightly  mercuric  chloride-induced  swelling. 
4'-F-DAB  and  2-AAF  were  also  appreciably  less 
potent  in  altering  thyroxine-induced  swelling. 
The  mitochondria  from  the  hepatomas  induced 
by  these  three compounds  showed  low values for 
swelling,  as  was  observed  with  the  ethionine- 
induced  hepatoma  (see  above),  with  3P-Me  - 
DAB-induced  hepatoma  (2)  and  with  various 
transplanted  hepatomas  (4).  The  three  curves 
in  Fig.  2  follow  the  over-all  pattern  of those  ob- 
tained  during feeding  of 3'-Me-DAB  (2),  and  of 
ethionine,  in  having  two  maxima.  The  positions 
of the first maxima of these curves seem to suggest 
an  approximate  correlation  with  the  following 
decreasing  order  of  carcinogenic  activities: 
3'-Me-DAB  2-3  weeks,  4'-F-DAB  2  weeks, 
4'-Et-2-Me-DAB  4  weeks,  ethionine  4  weeks, 
2-AAF  5  weeks,  tannic  acid  7  weeks. 
In  contrast  to  the  drastic  alterations  caused 
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FIGURE 
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at the level of 2.40 mM./kg, in the semi- 
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same as for the carcinogens. 
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by  the  carcinogens,  qualitatively  different  and 
lesser changes of mitochondrial  swelling are  pro- 
duced  when  the  inactive  compounds,  4-diethyl- 
aminoazobenzene  and  azobenzene,  are  fed  (Fig. 
3).  The  only  exception  seems  to  be  the  sudden 
decrease  of  the  swelling  ability  in  the  0.17  M 
sucrose  test  system,  after  prolonged  feeding  of 
the former compound. 
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cinogens tested do not affect these different types 
of swelling in  the same  way  and  to  the  same  ex- 
tent,  suggesting  that  the  process  of alteration  of 
control  points  of  mitochondrial  swelling  may  be 
more  striking at different sites,  depending on  the 
particular  distribution  of  affinities  of  the  car- 
cinogen for  these  various sites.  Also  indicative in 
this respect is the fact that the most active agent, 
3~-Me-DAB,  produced drastic  alterations with  all 
five routinely used  test systems.  This is consistent 
with the extreme diversity of enzyme distribution 
in  tumor  tissues  (e.g.  12),  and  with  the  observa- 
tions  (e.g.  cited  in  reference  13)  suggesting  that 
tumors  induced  by  different  carcinogens  in  the 
same  tissue  have different enzymic  patterns.  The 
fact that the various types of swelling are resistant 
to  different  degrees  to  alteration  has  also  been 
shown by "aging" normal rat liver mitochondria. 
Thus,  when  such  mitochondria  were  maintained 
at  24°C.  for  20 minutes,  there  was  a  75  per cent 
decrease  of the  thyroxine-induced swelling, while 
the swelling induced by CaCI~,  HgC12, or by 0.17 
M sucrose alone, remained practically unchanged. 
Dependence  of  the  Production of  Mitochondrial 
Alterations  by  3'-Me-DAB  on  Dietary  Factors, 
on Pituitary  Function,  and on Species Susceptibility 
Fig.  4  shows  that on  feeding  3'-Me-DAB,  the 
over-all  pattern  of  thyroxine-induced  mito- 
chondrial  swelling  remains  the  same  when  the 
riboflavin  level  of  the  semi-synthetic  diet  is  in- 
creased  tenfold.  In  contrast,  there  is  significant 
change  when  the  concentration  of  3~-Me-DAB 
in the diet is reduced to 0.03 per cent. Comparable 
curves  of  swelling  were  obtained  with  the  other 
test systems. 
The 0.03  per cent curve shows a  spreading out 
of the  peak  which  occurs  at  3  weeks  in  the  0.06 
per  cent 3P-Me-DAB  curves,  in keeping  with  the 
lesser  carcinogenicity  of  the  0.03  per  cent  3 p- 
Me-DAB diet.  On the other hand,  the fact that a 
tenfold  increase  in  the  riboflavin  level  affects 
only  to  a  small extent the over-all  pattern of the 
0.06 per cent curve is consistent with the observa- 
tion  that  the  carcinogenic  activity  of  this  dye  is 
much  less  affected  by  an  increase  in  the  dietary 
riboflavin  level  than  the  parent  compound  4- 
dimethylaminoazobenzene (14). 
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thyroxine,  during  feeding  of  3'-Me- 
DAB  under various  dietary  conditions. 
Each point on these curves corresponds 
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The swelling of liver mitochondria of intact and hypophysectomized rats  (Charles River CD)  dur- 
ing feeding of 0.06 per cent 3'-Me-DAB. The test systems were  1 X  10 -5 M HgC12 or thyroxine, or 
5  X  10  -3 M CaC12 in 0.30 M sucrose, and 0.30 M and 0.17 M sucrose alone. Each point on these curves 
represents the swelling at 40 minutes. 
The  results  presented  in  Fig.  5  indicate  that 
the  swelling  induced  by  thyroxine  or  HgCI~ 
in  the  liver  mitochondria  of  hypophysectomized 
rats  is  resistant  to  the  action  of  3'-Me-DAB. 
Unlike  in  the  dye-fed  non-hypophysectomized 
controls,  the  thyroxine-induced  mitochondrial 
swelling  remains  practically  unaffected  in  the 
hypophysectomized  rats.  In  the  latter,  the  mer- 
curic  chloride-induced  swelling  even  increases 
and  attains  a  plateau  comparable  to  the  zero 
time value of the control rats  in spite of the con- 
tinuous  feeding  of  the  dye. 
It has been established by Griffin and coworkers 
(15)  that  in  rats  hypophysectomy  confers  great 
resistance  to  hepatic  tumor  induction  by  3P-Me  - 
DAB.  Ward  and  Spain  (16)  ruled  out  the  pos- 
sibility that  this resistance  may be established  by 
the modification of the dye-binding ability of the 
liver  produced  by  hypophysectomy.  The  latter 
authors  concluded  from  their  results  that  in- 
hibition of azo carcinogenesis by hypophysectomy 
must  occur  at  some  stage  subsequent  to  protein 
binding.  Consistent  with  this  conclusion  is  the 
fact  that  maximum  level  of  bound  3'-Me-DAB 
in  total  homogenates  (17),  in  microsomes  (1), 
and  in  mitochondria  (2),  is  attained  at  2  weeks 
prior  to the  minimum  level of particulate swelling 
which  occurs  at  4  weeks  (1,  2),  and  which  has 
been shown to be the point of irreversibility of the 
carcinogenic  process,  under  our  experimental 
conditions  (2).  It is felt that  the  totality  of these 
correlations  strongly  supports  the  thesis  that  an 
important  facet  of  the  process  of  carcinogenesis 
caused  by  these  compounds  may  be  the  succes- 
sive  alteration  of different  control  sites  of mito- 
chondrial swelling (cf.  reference 2).  Protein bind- 
ing,  in  the case  of the carcinogenic azo-dyes  and 
certain  other  carcinogens,  may  be  a  necessary 
but  not  sufficient requirement  for  carcinogenesis 
(cf.  reference  18),  and  an  adequate  "permissive" 
hormonal  environment  appears  to  be  an  added 
factor  (cf.  reference  19)  in  the  production  of 
these  alterations  leading finally to carcinogenesis. 
In  an  attempt  to  correlate  particulate  altera- 
tions  with  species  susceptibility,  the  swelling 
characteristics of liver mitochondria of the guinea 
pig  during  feeding of 3'-Me-DAB were  then  in- 
vestigated. Fig. 6 shows that the extent of swelling 
remains  practically  unchanged  or  only  slightly 
increases  in  spite  of  the  very  high  level  of  car- 
cinogen  fed.  This  is in  striking  contrast  with  the 
observations  on  rats  ((2)  and  Fig.  4). 
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FIGURE 6 
Swelling of guinea  pig liver mitochondria  during  feeding of 0.12  per  cent  3'-Me-DAB in  an  en- 
riched  ground  chow  diet.  Same experimental conditions  as  in the legend to  Fig.  5. 
Guinea  pigs  have  been  known  for  some  time 
to  be  highly  refractory  to  various  types  of car- 
cinogenic  influences  (e.g. 20-23).  The  nature  of 
this  resistance  is  only  incompletely  understood. 
In  the  rat  the  correlation  between  susceptibility 
to carcinogenesis and  the levels of enzyme systems 
that  metabolize  carcinogens  to  inactive products, 
has  been  repeatedly suggested  by experiments  on 
the  protective  action  of  polycyclic  aromatic  hy- 
drocarbons  against  azo-dye  and  2-AAF  carcino- 
genesis  (24-26).  Comparative  studies  (27)  on 
the metabolism of 2-AAF in the rat and the guinea 
pig raised  the possibility that it is not so much the 
total level of hydroxylation that may be the factor 
determining  the  difference  in  susceptibility,  but 
rather  the quantitative distribution  of the position 
of  hydroxylation.  It  may  be  possible,  however, 
that  the relationships  involved are more complex 
than  the  maintenance  of  high  levels  of  hepatic 
hydroxylating  enzymes  alone.  In fact,  it has  been 
reported  that  guinea  pigs showed  total resistance 
to  2-AAF  carcinogenesis  when  they  were  main- 
tained for a  period  of two years on  a  diet mildly 
deficient in  ascorbic  acid  (22),  a  factor necessary 
for the maintenance of the normal level of hepatic 
hydroxylating  enzymes  in  this  species  (28).  In 
contrast to the guinea pigs, 82 per cent of the con- 
trol group of rats were tumor bearing at the time 
of completion  of  the  experiment  (22).  Also,  the 
maintenance  of guinea pigs on diets low in ascor- 
bic  acid  does  not  seem  to  influence  the  relative 
resistance to carcinogenic polycyclic hydrocarbons, 
as  has  been  shown  with  subcutaneously  injected 
1,2,5,6-dibenzanthracene  (29)  and  20-methyl- 
cholanthrene  (30). 
The  guinea  pig and  other  species refractory  to 
azo-dye  carcinogenesis  do  not  show  appreciable 
levels  of  hepatic  protein-bound  azo-dye  (17). 
As  another  aspect  of  the  resistance  to  3'-Me- 
DAB carcinogenesis,  it has  been  shown  now  that 
the  mitochondria  of the  guinea  pig liver are  not 
affected  by  this  carcinogen  (Fig.  6).  In  view  of 
these  facts  and  the  correlation  of  data  on  the 
effect  of  hypophysectomy  on  dye-binding  and 
mitochondrial  swelling,  it  is  now  proposed  that 
this  factor  of  species  resistance  may  reside  in 
steric  hindrance  due  to  the  particular  macro- 
molecular  make-up  inherent  in  the  species, 
whereby  functional  groups  for  interaction  be- 
tween  the  carcinogen  and  cellular  components 
are unavailable. 
Effect of Metabolic Intermediates on Mitochondrial 
Swelling During Feeding of 3'-Me-DAB 
The  possibility has  been  considered  previously 
(2)  that  the  decrease  of  the  swelling of rat  liver 
mitochondria  may not be  the direct consequence 
of structural  effects of hepatic carcinogens on  the 
membrane,  but  that  it may be mediated  through 
30  TIlE  JOURNAL  OF  BIOPHYSICAL AND  BIOCHEMICAL  CYTOLOGY  •  VOLUME  10,  1961 TABLE  I 
Effect of Citric  Cycle Intermediates on the Thyrox- 
ine-Induced Swelling  of Liver  Mitochondria from 
Rats Fed 3t-Me-DAB 
The dye was fed to Sprague-Dawley rats at a 
level of 0.06 per cent in the semi-synthetic diet 
for 4 weeks. The swelling was measured in 0.30 M 
sucrose,  pH 7.4,  in the presence of 1 X  10  -3 
thyroxine, at 40 minutes. The substrates tested 
were added to the test system as 0.2 ml. aliquots 
of concentrated  stock  solutions in the  0.30  M 
sucrose, which was readjusted to pH 7.4.  Both 
thyroxine  and  substrate  were  added  to  the 
sucrose prior to the mitochondrial stock suspen- 
sion. The final volume was 5 ml. The "Swelling 
Ratio,"  which  gives  an  index  of  substrate 
effect,  is obtained by dividing the percentage 
swelling in the presence of substrate -[- thyrox- 
ine by the percentage swelling measured in the 
presence of thyroxine alone.  Thus,  1.0  (=1=0.2) 
will  correspond  to  no  change  caused  by  the 
substrate, 0.0 to total inhibition and 2.0 to 100 
per cent enhancement of swelling. 
Substrate and  Concentration 
Swelling Ratio 
Normal  3'-Me-DAB 
Diet  Diet 
M 
Acetate  1  X  10  3  1.3  1.4 
Pyruvate  1  X  10  -4  1.0  1.5 
Oxaloacetate  1  X  10  .4  0.4  0.7 
Isocitrate  1  X  10  -4  1.4  1.7 
a-Ketoglntarate  5  X  10  -3  1.4  0.2 
Glutamate  1  X  10  -3  1.6  2.7 
Snccinate  1  X  10  -4  1.3  1.2 
Malonate  1  X  10  -3  1.2  1.1 
Oxalate  1  X  10  4  1.0  1.1 
Fumarate  1  X  10  -4  1.2  1.2 
Malate  1  X  10  -4  1.5  2.6 
the  deletion  or  the  lowering  of  availability  of 
oxidizable  substrates  on  which  certain  types  of 
swelling  are  dependent  (31).  For  this  reason, 
the  effects  of metabolic intermediates  on  thyrox- 
ine-induced  swelling  were  determined  in  com- 
parative  studies  on  liver  mitochondria  isolated 
from  normal  rats  and  from  rats  fed  3~-Me-DAB 
for  4  weeks.  Table  I  presents  these  results.  The 
concentrations  were  identical  to  those  used  pre 
viously  by  Tapley  (32)  in  similar  studies. 
Except  for  the  substrates  ~-ketoglutarate, 
glutamate,  and  malate,  only  relatively  small 
differences can be observed between  the Swelling 
Ratios  (S.R.)  of  normal  and  dye-fed  animals. 
The  most  striking  differences  were  noted  with 
a-ketoglutarate  and  glutamate.  Thus,  while 
both substrates gave  similar ratios of  1.4  and  1.6 
for  liver  mitochondria  from  normal  rats,  con- 
siderable  inhibition  (S.R.  =  0.2)  with  a-keto- 
glutarate  and  an  increase  of  the  enhancement 
with  glutamate  (S.R.  =  2.7)  were  observed  for 
liver  mitochondria  from  rats  fed  3J-Me-DAB. 
Since  glutamate  is  utilized  in  the  tricarboxylic 
cycle  via  a-ketoglutarate,  one  explanation  for 
these data may well be that there is a  disturbance 
of  the  a-ketoglutarate  ~  glutamate  pathway, 
owing to  the action of 3~-Me-DAB.  This possibil- 
ity  may  be  rationalized  by means of the  elegant 
hypothesis  of  Packer  and  Tappel  (33),  which 
proposes  a  simple  relationship  between  light 
scattering  and  the  level  of  energy-linked  inter- 
mediates  of  oxidative  phosphorylation.  Reason- 
ing along this line, block of the c~-ketoglutarate 
glutamate pathway would then increase the avail- 
ability  ot  the  first  substrate  via  the  citric  cycle, 
hence  the  increase  of  the  level  of  energy-linked 
intermediates  and  inhibition  of  swelling.  As 
another  consequence  of  this  block,  glutamate 
may  be  increasingly  channeled  toward  anabolic 
pathways  requiring energy-rich  phosphate  esters, 
hence  the  promotion  of  swelling  caused  by  this 
substrate. This subject will require further investi- 
gation in view of the results of McMurray showing 
that  glutamic  dehydrogenase  is  not  inhibited 
when  4-dimethylaminoazobenzene  is  added  in 
vitro (34). 
Changes  in  Mitochondrial  Swelling  During 
Stimulated Rapid Liver Growth 
Figs.  7  and 8  represent the effect on mitochon- 
drial swelling of partial hepatectomy and of the in- 
traperitoneal  injection of 20-methylcholanthrene, 
which is a potent inducer of the synthesis of several 
microsomal  enzymes  (35,  39)  and  of  total  liver 
protein  (35,  39).  The  curves  in  Figs.  7  and  8 
show  that  with  thyroxine-  and  0.17  M  sucrose- 
induced  swelling,  there  is  a  considerable  de- 
crease  at  about  12  to  18  hours  after  surgery  or 
injection.  This is  then followed  by a  phase of re- 
covery of swelling.  In  contrast,  a  relatively small 
or no effect was observed in the CaC12 and HgC12 
test  systems.  The  fact  that  the  swellings  induced 
by  the  various  agents  respond  so  differently  to 
stimulated  tissue  growth  provides  added  support 
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FIGURE 7 
Swelling of rat (Sprague-Dawley)  liver mitochondria at various intervals of time after partial hepa- 
tectomy.  Two-thirds of the livers were removed,  The conditions of the swelling tests were identical 
to the ones in the legend to Fig. 5. 
for  the  concept  (2)  that  these  various chemical 
agents  that  affect  mitochondrial  swelling  act 
in  the  membrane  on  different  receptor  sites 
(cf. references 40, 41).  The various morphological 
responses  of  the  mitochondria  to  ditt~rent  un- 
coupling agents are also  consistent with the con- 
cept  that  mitochondrial  swelling,  respiration, 
and  phosphorylation have  several control  points 
(cf.  40,  41,  42  b,  43). 
Liver  regeneration,  like  any  tissue  growth, 
is  associated  with  an  enhanced  rate  of  protein 
synthesis.  It  has  been  shown  for  a  variety  of 
biochemical responses  that  there  is  a  reversible 
enhancement  following  partial  hepatectomy 
(e.g.  44-46).  Since one of the  factors controlling 
the rate of protein synthesis is the rate of the pro- 
duction  of  ATP,  it  is  not  unexpected  that  in- 
creased  requirement for  ATP  during  liver  re- 
generation  affects  the  swelling characteristics  of 
the  mitoehondria  through  structural changes in 
the  mitochondrial  membrane  (33)  site  of  the 
respiratory  carrier.  Consistent  with  this  is  the 
finding that  20-methylcholanthrene induces liver 
growth  (39,  47),  the  synthesis of total liver pro- 
teins (35,  39), and the reversible decrease of cer- 
tain  types  of  mitochondrial  swelling  (Fig.  8). 
Thus,  three  situations are  now known in which 
increased  rate  of  protein  synthesis is  associated 
with low  level of mitochondrial swelling: rumor 
growth  (2,4  and  the  present  report),  liver  re- 
generation,  and  20-methylcholanthrene-induced 
liver  growth.  In  contrast  to  the  action  of  20- 
methylcholanthrene,  another  polycyclic  hydro- 
carbon,  naphthacene, was  found  in  the  present 
experiments to  have no effect  on the swelling of 
liver  mitochondria.  Naphthacene,  unlike  20- 
methylcholanthrene, is  inactive as  a  carcinogen 
(20),  but it is a  powerful inducer of the synthesis 
of  certain  microsomal  drug-metabolizing  en- 
zymes  (35,  39),  and of total liver proteins  (39). 
Ttle observation that of the two polycyclic hydro- 
carbons, the  carcinogenic 20-methytcholanthrene 
and the  non-carcinogenic naphthacene, only the 
former elicited decrease of mitochondrial swelling 
adds  emphasis  to  the  possibility,  previously 
suggested  by Porter and Bruni (3),  that carcino- 
genesis  and  the  triggering  of  protein  synthesis 
have  only  partty  overlapping  mechanisms. 
In conclusion,  the results presented in this report 
and previously (1, 2), indicate that carcinogenesis 
involves the successive  and irreversible alteration 
of a number of control sites in endoplasmic mem- 
branes of the cell. 
The control sites of cellular endoplasmic mem- 
branes,  which  are  altered  during  azo  carcino- 
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FIGURE 8 
Swelling  of rat  (C,  prague-Dawley)  liver mito- 
chondria  at  various  intervals  of  time  after 
intraperitoneal  injection  of  20-methylcholan- 
threne. The animals received 20 mg. of hydro- 
carbon in 2 ml. of corn oil per 400 gm.  body 
weight.  Same experimental conditions for the 
swelling tests as in legend of Fig. 5. 
genesis,  are  involved  in  the  regulation  of  cell 
metabolism.  This  is  substantiated  at  the  level 
of the mitochondria by the well known connection 
between  changes  in  mitochondrial  morphology 
and changes in  mitochondrial enzymic  activities. 
At the level of the microsomes, recent preliminary 
data  of  Packer  and  Rahman  (48)  suggest  rela- 
tionships between  microsomal  enzymic  rates  and 
ATP ~.~ Mg  ++  reversible  structural  changes3 
Other evidence  also  indicates  the  involvement of 
the  membranous constituents of the  endoplasmic 
reticulum  in  the  regulation  of  cell  metabolism. 
The  highly  organized  macromolecular  arrange- 
ment  of  this  membrane  is  suggested,  e.g. by  the 
isolation  from  rat  liver  microsomes  of  several 
protein  fractions into  each of which  amino  acids 
are  incorporated  to  a  different  extent  (50). 
Some  of the  proteins  in  these  fractions are  basic 
proteins  (51).  Basic proteins have been shown  tO 
2 This information together with the findings of Avi- 
Dor  (49) on the microsome induced swelling of mito- 
chondria  (a  site  of ATP  synthesis)  is  suggestive  of 
reciprocal regulation between the endoplasmic retic- 
ulum and the mitochondria. 
be  the  locus  of carcinogen binding in  the micro- 
somal  membranous  fraction  during  feeding  of 
3'-Me-DAB  (1).  The  organized  membrane 
structure  of  the  endoplasmic  reticulum  may  be 
the  very  molecular  device  for  the  timing  and 
steric  regulation  of  the  incorporation  of  amino 
acids  for  the  synthesis of specific  proteins by  the 
ribosomes.  It  is  not  unexpected,  then,  that  al- 
teration  of the  membrane  structure  such  as  pro- 
duced  by  3'-Me-DAB  (1,  3)a  and  by  dimethyl- 
Protein-bound  3P-Me-DAB  in the microsomes  has 
been identified previously in the membrane fraction. 
Now it has been observed also with the mitochondria 
that protein-bound 3 r-Me-DAB is associated with the 
membrane fraction.  In these experiments the mito- 
chondria have been isolated from rats fed 0.06  per 
cent 3 P-Me-DAB for 19 days. The mitochondria were 
allowed  to  burst  by  incubating  for  40  minutes  in 
distilled water  containing per liter  1 ml.  phosphate 
buffe/-  (411  gin.  K2HPO4  +  163  gin.  KH2PO4 per 
liter).  The  membranes  were  then  sedimented  at 
25,000 g for 12 minutes, the soluble fraction decanted, 
and both fractions treated as described (2) for direct 
observation of the bound dye. 
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amino acid incorporation  by the latter compound 
(53,  54).  The  concept  that  the  particular  macro- 
molecular  arrangement  of  the  membrane  must 
satisfy  certain steric requirements 4 for amino acid 
incorporation  to  take  place  is  also  suggested  by 
the  observation  (55)  that  phalloidin  inhibits 
amino acid incorporation  into whole microsomes, 
but  not  into  ribosomes  detached  from  the  mem- 
brane  by  detergent  treatment.  Detachment  of 
ribosomes from the membrane of the endoplasmic 
reticulum  has  been  observed  during  feeding  of 
3'-Me-DAB  (3)  and  following  administration  of 
dimethylnitrosamine  (52).  Such  detached  ribo- 
somes,  separated  from  their  regulatory  device, 
could  then  maintain  a  steady high rate, 5 but un- 
controlled  and  untimed  sequence,  of protein  syn- 
thesis. 
The  irreversible structural  alteration  of control 
sites  of  endoplasmic  membranes  may  well  cor- 
respond,  then,  to  the  functional  elimination  of 
several  feedback  channels  of  metabolic  control 
between  cell  components,  between  associated 
cells  in  a  tissue,  and  between  cells  and  the  or- 
ganism  as  a  whole  (cf.  56).  In  very  large  and 
richly  cross-connected  feedback  systems,  as  the 
multiple  control  network  of normal  cell  metab- 
olism is now considered  (e.g.  42  a,  57,  58),  there 
are  various  ways  that  may  make  regulation  pos- 
sible  (59  a).  Sometimes  control  may  follow  un- 
usual  orientations  in  the  network  (alternative 
metabolic  pathways).  In  all  types  of  richly 
cross-connected  feedback  systems,  whatever  the 
ways of achieving regulation,  a  sufficient number 
of paths must remain functional if the system is to 
remain  "goal  seeking"  (59  b).  In  the  particular 
case  of the  cell of a  multicellular  organism,  this 
4 Such steric requirements  are also indicated  by the 
fact that coplanarity (35, 39) and an optimum molec- 
ular size and shape (39) are required for the induction 
of the synthesis of several microsomal enzymes local- 
ized  in  the  membrane  fraction,  and  of  total  liver 
protein,  by the polycyclic aromatic hydrocarbons. 
Consistent  with  this  is  the  recent  electron  micro- 
scopic observation that in yeast cells and in E. coil the 
ribosomes  are  not  associated  with  a  membrane  but 
are  freely  distributed  in  the  cytoplasm  (Geoffrey 
Zubay, personal communication). 
means  the  adjustment  of  its  homeostasis  to  the 
tissue  environment.  Thus,  in  a  controlled  auto- 
synthetic system such as the cell, a shifting homeo- 
stasis may be adjusted, despite the elimination of a 
few control  channels,  either  by a  more  extensive 
use  of  alternative  pathways  or  by  possibly  re- 
building  altered  non-functional  channels.  How- 
ever,  during  the  process  of  carcinogenesis,  a 
limit may be reached  in a  number  of cells where, 
because of the elimination of too many pathways, 
compensation  or  rebuilding  may not be  possible. 
Many of these cells will die because  of structural 
alteration or blocking of a  large number  of meta- 
bolic  pathways  which  are  vital  to  essential  syn- 
thetic  reactions.  In fact,  early  stages  of chemical 
carcinogenesis are known to coincide with notable 
cell  death  (e.g.  60,  61).  Because  of  the  random 
distribution  of the  biochemical lesions  in  the  cell 
population,  some  cells  will,  however,  survive. 
As interpreted  in  the framework of this suggested 
mechanism  of  the  carcinogenic  process,  these 
cells will  then  be  unable  to  respond  to  systemic 
or  tissue  chemical  "signals"  of the  regulation  of 
growth  and  division,  and  will  be,  thus,  tumor 
cells. 
A  corollary of this concept is that enhancement 
of carcinogenic activity should result if the agents 
used  concurrently  affect different  types  of swell- 
ing.  It  has  been  actually  reported  that  during 
feeding  of  the  medium-active  liver  carcinogen, 
2-AAF,  a  considerable  reduction  of  the  latent 
period  is  produced  by  partial  hepatectomy  (62), 
and  a  large  increase  of  the  tumor  incidence 
occurs when there  is simultaneous  administration 
of  the  very  weak  carcinogen,  tannic  acid  (63). 
Both  partial  hepatectomy  and  the  administration 
of  tannic  acid  have  been  shown  here  to  cause 
drastic  alteration  of the  thyroxine-induced  swell- 
ing which, on  the other hand,  is only moderately 
affected by 2-AAF. 
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